The present study was undertaken to examine the cellular interaction between a Na+/K+-ATPase inhibitor, ouabain, and arginine vasopressin (AVP) in rat vascular smooth muscle cells 
Introduction
A current theory on the pathogenesis of arterial hypertension proposes that an increased intracellular Na+ concentration in the smooth muscle cells of the arterial wall is an important event in the generation of hypercontractility of the resistance vessels (1, 2) . Such an increase in intracellular Na+ appears to provoke increased Na+/Ca2 exchange, leading to the elevation of intracellular Ca , which in turn favors smooth muscle cell contraction and increased arterial pressure (1) (2) (3) (4) (5) (6) (7) . In recent years, circulating digitalis-like substances, with Na+/K+-ATP-ase inhibitory activity, have been proposed as principal mediators of increased intracellular Na+ concentration in hypertension (1, 2) . An increased digitalis-like activity has been detected in hypertensive humans (8) (9) (10) (11) (12) (13) (14) as well as in animal models of hypertension (15) (16) (17) (18) (19) . The Na+/K+-ATPase inhibitors have been also reported to enhance the action of vasopressor hormones (2, 5, 20, 21) . However, in spite of evidence indicating that the Na+/K+-ATPase inhibitors increase vascular contractility and enhance the action of vasopressor hormones, the intracellular mechanisms whereby Na+/K+-ATPase inhibition enhances the cellular action of vasopressor hormones is not known (22) .
The present study was therefore undertaken to examine the cellular interaction of a Na+/K+-ATPase inhibitor, ouabain, and a vasopressor hormone, arginine vasopressin (AVP), in rat vascular smooth muscle cells (VSMC)' in culture. The effect of ouabain on the cellular action ofAVP was studied by using cell shape change as an index of the sustained cellular contractile response. The cellular interactions between ouabain and AVP were investigated by examining the effects of ouabain on (a) AVP VI receptor binding, (b) AVP-induced inositol phosphate production, (c) basal and AVP-stimulated intracellular 45Ca2" uptake, (d) basal and AVP-induced 45Ca2' efflux, and (e) basal and AVP-mobilized cytosolic free Ca>2 ([Ca2+] ,). In addition, the effects of the calcium channel blocker, verapamil, and the removal of extracellular Ca 2 were also examined to assess the mechanism of the effect of ouabain on the cellular action of AVP. Finally, the effect of ouabain on the sustained cellular contraction produced by the protein kinase C activator, phorbol 12-myristate 13-acetate (PMA) was also examined.
Methods
Cell culture. Rat VSMC were isolated using a modification (23) (24) (25) of the technique described by Chamley et al. (26) . Briefly, the rat thoracic aortas dissected from 8-10 Sprague-Dawley male rats (250-300 g) were incubated in Eagle's minimum essential medium (MEM) containing 2 mg/ml collagenase (Cooper Biomedical Inc., Malvern, PA) for 60 min at 37'C. After the removal of adventitia and small fragments of the outer membrane, the aortas were minced and incubated in Eagle's MEM containing 2 mg/ml collagenase for 2 h at 37°C. The freshly isolated cells were resuspended in Eagle's MEM containing 1 uM L-glutamine, 100 U/ml penicillin, 100 gg/ml streptomycin, and 10% fetal calf serum, pH 7.4 . The cells were plated in 35 X 10-mm culture dishes at a density of 1 X 106 and 2 X 106 cells/ml for the cell contraction studies and the subculture, respectively. The cells were incubated in a humidified atmosphere of 95% air and 5% CO2 at 37°C. All of the experiments except the cell contraction studies were performed in subcultured cells within the fourth passage. The subculture was performed by trypsin-EDTA (0.25-0.1 %) treatment. The identity of cells was confirmed by electron microscopy and viability was > 95%, as judged by Trypan blue exclusion.
Cell contraction studies. The sustained cellular contractile response was assessed by quantitation of cell surface area changes using phasecontrast microscopy (model IM, Carl Zeiss, Oberkochen, FRG) and a digital imaging analysis system (Zidas, Carl Zeiss). This morphometric analysis is similar to the method reported from our and other laboratories (23, 25, 27) . The cell contraction studies were performed 6-8 d after seeding the primary cultures. The magnitude ofthe shape change response was determined by comparing groups of 14-20 cells. The measurements of cell surface areas were obtained in triplicate and the mean value ofone cell was used for comparison. The cells were washed twice with 2 ml physiological saline solution (PSS) (140 mM NaCI, 4.6 mM KCI, 1 mM MgCl2, 2 mM CaCI2, 10 mM glucose, and 10 mM Hepes, pH 7.4) before the first measurement of cell surface area. The cells were incubated with 2 ml of PSS or l0-5 M ouabain (Sigma Chemical Co., St. Louis, MO) for 60 min at 370C and the second measurement of cell surface area was performed. The third measurement of cell surface area was done after 20 min incubation at 370C with 2 ml PSS or 10-5 M ouabain in the absence or presence of effectors; specifically, AVP X 15-mm plastic culture dishes were used to measure intracellular 45Ca2+ uptake. The cells were washed twice with 2 ml of PSS and then incubated with 2 ml of PSS or lo-' M ouabain containing 2 uCi/ml 45Ca2" (specific activity, 12.3 mCi/mg Ca2+; ICN Radiochemicals, Irvine, CA) at 370C for different times (1, 5, 10, 15, 30, and 60 min).
After the incubation period, external 4'Ca2+ was removed by rinsing the dish three times with 5 ml of ice-cold Ca2`-free PSS containing 1 mM EGTA. The cells were treated with hypotonic shock by the addition of I ml of deionized water and the disrupted cells were collected using a rubber policeman. The suspension containing the disrupted cells was placed into a microcentrifuge tube with 0.25 ml 4 N perchloric acid and centrifuged using a microcentrifuge (model 5413, Eppendorf). The radioactivity of supernatants and the protein ofpellets were measured using the same methods as previously described.
'Ca2+ efflux study. Confluent monolayers of cells on 35 X 10-mm plastic dishes were used in this study. The cells were washed twice with 2 ml of PSS and preincubated for 60 min at 37°C with 2 (Fig. 1) . Ouabain (more than l0-`I increased basal [Ca2"fi concentration beyond 300 nM, whii was higher than the maximal [Ca2+]i response to 10-8 M A) (see Fig. 6 a) . Therefore in the following studies, l0-5 M ou bain was used to examine the cellular interaction betwee ouabain and AVP.
Effect ofouabain on 4'Ca2+ uptake and efflux. Intracellul 45Ca2+ uptake and 45Ca2+ efflux were measured to examine tl mechanisms whereby 10-5 M ouabain increases intracellul Ca2+ concentration. In Fig. 2 (Fig. 6 a) . The [Ca2+], level 2 min after the addition of 10-8 M 2 AVP was also significantly higher in the ouabain-treated cells than that in the vehicle (Fig. 6 a) . However, 10-5 M ouabain did not enhance the effect of 10-6 M AVP to mobilize [Ca2"Ji (Fig. 6 b) . The enhancing effect of ouabain on the AVP (10-8 M)-induced mobilization of [Ca2"]J was mainly dependent on an increase in cellular Ca2" uptake in response to AVP. Since incubation in Ca2" free media decreased the AVP-induced mobilization of [Ca2+]i and also abolished the potentiating ef- (Fig. 7) . Effect of ouabain on PMA-induced VSMC contraction. In Fig. 8 is shown the potentiating effect of ouabain on the PMA-induced sustained cellular contractile response. PMA has been shown previously to induce a sustained cellular con- in the present studies. In other tissues and VSMC a similar rise in [Ca2+]i with inhibition of Na+/K+-ATPase has been suggested to be due to an increase in cellular Ca2" uptake (3) (4) (5) (6) (7) (8) .
This interpretation is compatible with the findings in the present studies of a time-dependent enhancement in intracellular 45Ca2" uptake and no change in basal 45Ca"+ efflux in VSMC preincubated with 10-5 M ouabain for 60 min at 370C. (24, 25, (32) (33) (34) (35) (36) , and (b) diacylglycerol (DAG), (37) which activates protein kinase C (38) to produce the sustained cellular contractile response (31, 39, 40) . The cellular interaction between ouabain and AVP was therefore studied by examining the effects of ouabain on AVP VI receptor binding, IP3 production, and 37°C enhanced the sustained VSMC contraction due to submaximal, but not maximal, doses of PMA. This finding is compatible with the observation that a Ca2+ ionophore also enhances the contractile response to PMA (31). These results therefore suggest that the effect of Na+/K+-ATPase inhibition to increase the AVP-induced sustained cellular contractile response may involve an enhancement of protein kinase C activity. 
